Composition variations of metal and slag in a cupola melting process were investigated by a reaction model for gas/liquid iron/coke and slag/liquid iron systems. A significant amount of alloy elements is lost due to the gas oxidation in furnace shaft. Carbon in metals is determined by gas oxidation and carbon pickup from coke in the shaft. Manganese and silicon are mainly lost by gas oxidation in shaft. Sulfur increases in shaft by pickup from coke but decreases in siphon by slag desulphurisation. There is no significant phosphorus change in shaft, but phosphorus increases in siphon. Oxides formed in shaft contribute 20 % of total tapped slag, in which SiO 2 contribute 40 % of total SiO 2 in the tapped slag. ISIJ 28 † This is the case with pressure siphon arrangement. In the case of most cupolas, the siphon is only an extension of the metal bath that is normally held within the cupola shaft. Therefore, the drops fall through the melting zone & coke bed and accumulate in the well at the bottom of shaft where the reactions take place. 2 2 5 0 J J J J ϭ * J J J J J j k l J J J J ∑ ∑ ≡ g-m g -m g-m g -m .
Introduction
The coke bed shaft type furnace is a highly effective process for melting scrap into cast iron of a desired composition. Some of its advantageous features include efficient heat exchange between counter current flows of charge materials and combustion gases, and its operating flexibility. This type of melting process can recycle everythingmotor blocks, radiators and used pipes to produce quality iron in volume or batches that meet the demanding metallurgical requirements. The cupola is a typical process of this type, and is one of the lowest cost, most efficient scrap melting units.
Recently, computer modelling of this type of the furnace has been attracting attention as an opportunity for reducing the carbon intensity, green house gas emission, and improving the efficiency of the process. Much work has been done on the heat transfer, fluid flow, and combustion reactions of the melting process, the temperature profiles of gaseous and solid phases in the shaft have been investigated by 1-D, 1) 2-D [2] [3] [4] and even 3-D 5) models. However, these studies were focused on the investigation of temperature and gas composition profiles in the shaft on the basis of the heat balance and fluid flow in the process. Generally, those investigations did not address the chemical reactions that govern the product metal composition.
Understanding of chemical reactions associated with multiple multicomponent phases in the melting processes, as targeted in this study, will allow an advanced-level interpretation and prediction of reaction phenomena in the process and optimisation of scrap recycling process so as to allow the process to maintain product quality.
Reactions in Cupola Melting Process
In cupola melting process as seen in Fig. 1 , coke lumps are presented from the bottom of the shaft to near the top.
Metallic scrap or alloy, coke and fluxing materials are charged at the shaft top. Preheated air blown through tuyeres at the bottom of the shaft reacts with the packed coke and with liquid metal as it ascends in the shaft. The heat generated from coke combustion with gas is the major source of energy for the melting process, and is mainly consumed by heating and melting of scrap metal (iron and steel). In the high temperature region, after melting of scrap, coke, which is the only solid, forms a packed bed.
In shaft, the scrap melts when the temperature reaches its melting point and forms numerous liquid drops in the coke bed. The dual stream model 6) was adopted in the calculation, that is the droplet of scrap iron and steel fall through the cupola separately, and they do not mix until the very last stage of the cupola process. As these drops drip downward in the coke bed, they react with coke and the ascend-ing gas. The reactions of liquid metal drops containing carbon, silicon, manganese, sulfur, phosphorus or other alloying elements, with gas containing nitrogen, oxygen, carbon dioxide, and carbon monoxide take place simultaneously at the gas/metal interface. At the other side of the liquid metal drop, that is the interface between coke and liquid, carbon and sulfur dissolution into liquid metal from coke occur simultaneously. Then, the liquid metal, formed at bottom of shaft from those droplets, moves to the siphon † where it reacts with slag containing lime, silica, alumina, oxides of iron, manganese and phosphorus, or sulfides. The siphon containing liquid metal pool and slag layer at it top; the pressure in siphon, close to the tuyeres' gas pressure, is slightly above the atmosphere. This slag is formed by ash in coke, oxidation products of solid or liquid metal, fluxing materials, and refractory dissolution. Finally, the liquid metal pool is tapped out from the siphon with an appropriate composition for cast iron product-high carbon, silicon and manganese and low sulfur and phosphorus.
The reactions of metal and slag are summarized in Table  1 . The equilibrium constants [7] [8] [9] [10] [11] [12] for each individual reaction are given along with the reactions. These reactions occur continuously and most of them simultaneously, thus making the cupola furnace a complex metallurgical reactor. Achieving optimum chemical composition of the metal through control of this series of reactions in the process is the key factor in foundry productivity, environmental performance and quality control. For example, the oxidation of a metal component such as silicon in the shaft will cause silicon loss in the cast iron product, and this lost silicon becomes silica in slag as industrial waste. The silica in slag has a strong tendency to erode the basic refractory lining, and decrease the slag capacities for sulfide and phosphate. The latter may result in the metal sulfur and phosphorus reaching unacceptable levels. To prevent such scenarios, more limestone is required. However, this costs more, increases the slag waste amount, fluxing materials, and therefore, fuel consumption and carbon dioxide emission.
The chemical reactions between multiple multicomponent phases in the melting process are far from being well understood. Attempts at using thermodynamic data to interpret or control these reactions are of limited effectiveness, because the equilibrium conditions are far from being reached between relevant phases. In this study the kinetic models have taken coupled reactions involving multicomponents in multiple phases into account, and also thermodynamic rules for each individual reaction have been included. The approach adopted in this study will lead to an advanced understanding of the melting process.
Development of the Reaction Model
The kinetic models for reaction between multiple multicomponent phases were developed based on previous studies on two-phase couples (liquid/solid, gas/liquid or liquid/ liquid) close to those in the scrap melting process. The model was built up for the continuous tapping operation of an industrial cupola, i.e., the amount of slag and metal in siphon and their tapping rates are constant.
Coke/Metal Reaction
For the reaction of liquid metal with coke or solid carbon, Cϭ[C] and ͗S͘ϭ[S] (reactions No. 1 and 2 in Table 1 ), the carbon and sulfur dissolution rates from solid carbon or coke into liquid iron alloy have been studied. 13, 14) The dissolution rates were well represented by assuming that the reaction is governed by the diffusion of carbon from the carbon-metal interface to the bulk liquid metal through a boundary layer. The influences of the metal components or temperature on the dissolution rate were found through the alteration of the activity or the saturation level of carbon in the liquid iron. The driving force for this diffusion is the difference in the carbon saturation level which is the concentration of carbon at the coke-metal interface and the bulk carbon content. The rate of carbon transport across the coke-metal interface is given by, As coke materials usually contain sulfur, the sulfur pickup from coke occurs during carbon dissolution at the coke-metal interface. The rate of sulfur pickup due to carbon dissolution is considered to be in proportion to the carbon dissolution rate and sulfur/carbon ratio in coke as, where iϭsilicon, manganese, phosphorus or oxygen.
Gas/Metal Reaction
For the reaction of liquid iron alloy with gases, the kinetic mechanisms have been studied for gas oxidation of iron based multicomponent liquid metal. [15] [16] [17] For liquid iron with a high concentration of carbon, silicon or manganese, the oxidation rates of carbon by oxygen or carbon dioxide gases were found to be controlled by diffusion in the gas phase. A recent study 18) suggested that carbon oxidation at interface is one of the limiting steps as the rate decreased by sulfur addition in metal. The oxidation of carbon, silicon, manganese and iron in the liquid by oxygen and/or carbon dioxide in the gases was found not to be occurring simultaneously, although the content of each individual component in the metal was far above the equilibrium level 17) with gaseous composition at the reaction temperature. The thermochemical driving forces play an important role in the reactions of this system, i.e., the oxidation of each component occurs in thermochemically favoured order at high temperatures. The oxidation of metal components other than carbon was also found to be limited by transport of oxidizing gas.
On the basis of kinetic information from these investigations, the transport rates in the gas phase are driven by the differences in the partial pressures of the gas between the surface and gas bulk, therefore, where iϭO 2 , CO 2 , CO or SO 2 . The transport in liquid iron is driven by the difference in the concentration of the element between the surface and metal bulk. For carbon, sulfur or oxygen, their rates are given by,
where iϭcarbon, sulfur or oxygen. For silicon, manganese, phosphorus or iron, their oxidation will occur only when interface oxygen reach the oxygen activity with which they are in equilibrium, ............. (6) where iϭsilicon, manganese or phosphorus.
And the iron oxidation rate is determined by supply of oxygen to the liquid surface as, .... (7) where iϭO 2 , CO 2 , SO 2 , silicon, jϭCO, manganese, kϭ phosphorus, and lϭoxygen.
Interfacial contents of components in Eq. (6) are determined from equilibrium constant as shown in Table 1 with their initial oxide activities being assumed to be unity, since prior to oxide layer formation in the early stages of oxidation, the products of oxidation (if generated) are pure oxides. When there is an oxide layer at the surface, oxide activities are calculated from the oxide layer composition. The latter is determined by the amount of oxidation. When a O *Յa O i , J i g-m ϭ0 (iϭSi, Mn, P or Fe) are invoked in the rate calculations as shown in Eqs. (6) and (7) to avoid the reductions of oxides at the interface caused by the assumptions of their activities being unity before oxide layer formation. a O i is the oxygen activity with which the element i is in equilibrium. In other words, if the oxygen activity at the surface is smaller than a O i , i is stable in the metal phase and oxidation of i will not occur. The values of a O i are obtained from the equilibrium relations. For example, the oxygen activity in equilibrium with silicon is,
After the formation of an oxide layer at metal surface, the oxide activities were assumed to be equal to their molar fraction in the layer since there is no strong basic oxide that will form from metal oxidation. The transport in oxide layer was not included in the reaction kinetics because there is only a small amount of oxide to be considered as a bulk.
Interfacial carbon oxidation, [C]ϩ[O]ϭCO (reaction No. 6 in Table 1 ), is driven by the deviation from its equilibrium state at the interface as, ...................... (9) Since there is no gaseous species or element that can be accumulated at the gas/metal interface during reaction, transport and reaction rates of carbon, sulfur and oxygen in gas, metal or at surface can be related by,
....... (13) where iϭO 2 , CO 2 , SO 2 , silicon, jϭCO, manganese, kϭ phosphorus, and lϭoxygen. For the interfacial reactions except carbon oxidation, the chemical reaction reaches the equilibrium states at metal surface, whereby the equilibrium relations as shown in Table 1 The activity coefficients of these elements are obtained by interaction parameters between them, ...... (15) where i or jϭcarbon, silicon, manganese, sulfur, phosphorus and oxygen.
There are 17 interfacial values, namely, P O2 * , P CO2 * , P CO * ,
Which can be solved by 17 relations as described in Appendix 1. These relations are Eqs. (10)-(13), 7 equilibrium relations, and 6 interaction relations. With these interfacial concentrations and partial pressures, the rate of each element transport across gas-metal interface can be determined from the rate Eqs. (5)-(7).
Reaction at Slag/Metal Interface
The liquid metal, after entering the siphon box from the shaft as shown in Fig. 1 , contacts slag at its top surface until it is tapped. The reaction rates of carbon, silicon, manganese, phosphorus and sulfur in liquid metal with slags containing silica, FeO and MnO were investigated. 19, 20) It was found that several reactions in this multicomponent system proceeded simultaneously. The silicon oxidation was very rapid, but carbon oxidation was much slower. Dephosphorisation was observed during the initial period of the reaction, but the reversion of phosphorus from slag back to the metal was found in the late stages of reaction as thermodynamic conditions suggested. The reaction mechanisms were determined as: the transport of carbon is limited by the chemical reaction at slag-metal interface, and the transport of silicon, manganese, phosphorus, sulfur and iron oxide are limited by diffusion in the slag and/or metal phases. The thermochemical driving forces had a great influence on the reaction rate of individual component.
Based on this kinetic information, reaction models were developed for reactions that occur with the liquid metal in siphon as follows.
Transport of element or compound in slag The transport rates of elements in slag must be equal to those in metal, i.e., where iϭsilicon, manganese, sulfur, phosphorus. For carbon, the transport rate in metal must be equal to the interfacial reaction rate, i.e., (15) in metal. It is worthwhile to mention that equilibrium is not reached for carbon reaction at interface. Interfacial values are determined in similar manner as described in appendix 1. Using the interfacial concentrations, the flux of each element, J i s-m , is obtained from the rate Eqs. (16) or (17) . Pressure of CO at slagmetal interface was assumed to be equal to the static pressure at the slag-metal interface which is estimated by slag depth and tuyeres pressure. The activities of oxides in slag were calculated by regular solution model, 11) where the reference states of the oxide activities are taken to be the hypothetical stoichiometric compounds and activity coefficients were determined from interaction energies between ions. 11, 21, 22) 
Variation of Metal Composition
For liquid scrap iron, scrap steel and Ferro silicon, the composition variation when they descend through the shaft is obtained by the reaction rates at gas-metal and coke-metal interfaces, ......... (22) The metal composition as a function of shaft height is then determined by, .................. (23) Variations of metal amount in shaft is ..... (24) where iϭcarbon, silicon, manganese, sulfur, phosphorus and oxygen, jϭscrap steel, scrap iron, Ferro silicon.
The moving rate of each metal at shaft bottom, V j b , is calculated from above relation. The composition of liquid metal moving to siphon is obtained by mixing of three metals by, 
Slag Composition
The rate of oxide generated from gas-metal reaction is determined from reaction rate at gas-metal interface by, ................. (27) where (i)ϭSiO 2 , MnO, P 2 O 5 and FeO, iϭsilicon, manganese, phosphorus, iron, and jϭscrap steel, scrap iron, ferro silicon.
Total oxide generated from liquid metal oxidation by gas, V (i) ox , is the sum of these oxides, which join to the slag at bottom of the shaft.
Slag composition and amount are contributed to by charging materials, ash in coke, limestone, gravel, rust, and total oxides generated by gas oxidation of liquid metals, refractory dissolution in shaft or siphon, and oxide generated by slag/metal reactions in siphon.
The For SiO 2 and FeO, the contribution from refractory dissolution is estimated based on the refractory consumption rate and slag-refractory reactions as shown in Table 1 
Determination of Parameters
To determine the reaction rates accurately, relevant thermodynamic and kinetic parameters, reaction areas, and reaction time must be determined properly.
The equilibrium constants for the reactions as listed in Table 1 and liquidus temperature of metals were selected from literature. [7] [8] [9] [10] [11] [12] The activities of oxide in slag were estimated by the regular solution model. 11) Sulfide and phosphate capacities (C S and C P ), refers to slag ability to absorb sulfur or phosphorus from the contacted molten metal, and are defined by using activities of oxygen and sulfur or phosphorus in the liquid. 12) The interaction parameters 8, 9) in the iron based liquid were used to calculate the activity coefficient for each element. Lacking literature values, the interaction parameters in Ferro silicon were assumed to be zero.
The transport coefficient in the gas phase, k g , approximately 0.0008 mol/cm 2 s atm in the cupola shaft is obtained by aerodynamic theory suggested by Ranz and Marshall 23) for forced convection around a sphere. The transport coefficients of elements or compounds in the liquid metal and 
slag phases were assumed to be identical in the respective phases during the process. 0.02 cm/s, 13) 0.01 cm/s, 24) 8 mol/cm 2 s 30) and 0.04 mol/cm 2 s 25) were selected for k m , k s , k c g-m , and k c s-m , respectively, because these parameters were suggested for the reaction systems and temperature relatively close to those in cupola melting processes. The choice of the transport coefficients in the metal and slag will affect the modeling accuracy of metal and slag compositions. The transport coefficients under dynamic conditions, such as in cupola shaft, can hardly be found in previous studies because most of those parameters reported so far were obtained under static conditions. The above kinetic parameters, which were obtained under static conditions, were selected based on the comparison of calculated slag and metal compositions to those tapped from the cupola.
A descent velocity of 3.8 cm/s was estimated for liquid in shaft. 26) The size of the liquid droplets was estimated by equating the force due to the weight of the droplet and the surface tension 27) force at the melting point, and is 6.105 g for steel and 3.014 g for cast iron. Due to the uncertainty of the surface tension of Ferro silicon, its droplet weight is assumed to be the same as that of iron. The shape of the liquid iron droplet on a graphite plate was near a hemisphere with a contact angle increase with increasing initial carbon content in the metal from 60-120 degree. 13) A contact angle of 90 degree was used. Interfacial areas between coke and metal drops, and between gas and metal drop in shaft is calculated by solving Laplace equation with surface tension, contact angle and mass of the droplet. Interfacial area between slag and metal in siphon is obtained from siphon diameter.
Some of the operational variables including charging recipe, refractory consumption rate, basic dimensions and chemistry of charging materials are shown in Table 2 . One dimensional temperature and gas composition profiles 28) for a typical cupola shaft as seen in Fig. 2 were used. Gas composition below tuyeres was estimated based on a combustion model. 29) Temperatures of this region and siphon were assumed to be the same as those of tapped iron and slag. Figure 3 shows the composition variations of liquid metals with shaft height. Scrap iron melts at 1.2 m above the tuyeres where its melting temperature is reached, followed by Ferro silicon at 0.84 m and scrap steel at 0.64 m. As seen in Fig. 3(a) , carbon change in scrap iron is the result of competition between carbon oxidation at gas/metal interface and carbon dissolution at coke/metal interfaces. At first, carbon decreases in scrap iron, reaching a minimum near tuyeres level since more carbon oxidation than carbon dissolution occurs above the tuyeres, as separately shown in Fig. 3 (h) and 3(i). This can be explained by a strong oxidizing potential in the gas phase and the higher temperatures immediately above tuyeres. Carbon increasing below the tuyeres level indicates more carbon dissolution than that of oxidation. The saturation level of carbon, as driving force of carbon dissolution, is relatively high at the high regional temperature, and carbon loss become slower compared with that above the tuyeres because of insufficient oxygen source below the tuyeres. Finally, carbon recovered to a similar level as that of scrap iron charged to the cupola. For scrap steel and Ferro silicon, carbon increases steadily in shaft due to faster carbon pickup rates than their loss rates even above the tuyeres. The lower carbon pickup for Ferro silicon is because of low carbon saturation level for high silicon metals.
Results and Discussion

Carbon Reactions
Silicon Reactions
As can be seen in Fig. 3(b) , only a small amount of silicon is lost immediately after the scrap iron melts, where the temperature is low. Silicon in scrap iron remains unchanged as droplets descend down into higher temperature zones, because of the preferential oxidation of carbon at higher temperature. Noticeable silicon loss for scrap steel compared with that of scrap iron as seen in Fig. 3(c) is because initial carbon is too low to prevent silicon from being oxidised in the initial period after the scrap melting. Silicon in Ferro silicon is more vulnerable in oxidizing gas because silicon is substantial component and carbon is low, silicon decreases by gas oxidation in shaft as seen in Fig. 3(d) .
Manganese and Phosphorus Reactions
Similar tendencies can be observed for manganese and phosphorus as seen in Figs. 3(e) and 3(g). Since manganese and phosphorus are more stable in metal than silicon, and their relative low initial contents, only slight oxidation losses can be found for manganese in scrap steel and phosphorus in Ferro silicon.
Sulfur Reactions
The sulfur content change is due to simultaneous sulfur transport to gas and sulfur dissolution from coke. Sulfur transport to the gas is close to nil because of unfavorable thermodynamic conditions. Figures 3(f) and 3(j) show the sulfur concentrations and sulfur pickup for three metals. More sulfur pickup was found in scrap steel than scrap iron and Ferro silicon because more carbon dissolution occurs with scrap steel as shown in Fig. 3(h) .
Slag Reactions
When liquid metals reach the shaft bottom, they mix together and move to siphon where the metal reacts with slag. The variation of metal composition due to the reactions in siphon is shown in Fig. 4 . There is no significant change in carbon content compared with the other four elements. This is because being limited by interfacial chemical reaction, slag oxidation of carbon is a slow reaction, moreover, there is no significant driving force for the reaction as the source of oxygen for slag oxidation of carbon, FeO in slag, is too low as presented later in Fig. 7 . Slight silicon and manganese losses were found by slag oxidation in siphon. Removal of sulfur from metal by slag was observed, indicating a favorable sulfite capacity of siphon slag. Phosphorus reduction was found in siphon because of the limited source of oxygen in slag and high contents of reductant in metal such as carbon, silicon and manganese. Desulfurisation and phosphorus reduction, in turn, provide oxygen for slag oxidation of carbon, silicon and manganese. Whether an element moves from slag to metal, or opposite, is dependent on thermodynamic properties such as equilibrium constants and activities in relevant phases. It is also affected by other elements or other reactions through affecting the activity coefficients, and oxygen sources.
Metal Amount
The variations of moving rates of metals during the melting process are given in Fig. 5 . At top of the shaft, metals' moving rate is 7 868 g/s, which is the sum of three metallic materials charged. While metals travel through the shaft, their weight is changed by reactions with gas and coke. The liquid metal gains weight through dissolving coke and looses weight through oxidation with gas. Metal amount was gained mainly by coke dissolving to scrap steel, although there is an appreciable amount lost by gas oxidation from Ferro silicon. The total metal rate was increased to 8 016 g/s at shaft bottom. A small metal tapping rate increase compared with that at shaft bottom is mainly contributed by FeO reduction from slag to metal in siphon.
Slag Amount
Metals lost by gas oxidation in shaft become oxides. Figure 6 shows the oxide generation rates in shaft. FeO and MnO are mainly generated from gas oxidation of scrap steel and SiO 2 is from oxidation of Ferro silicon. These oxides join slag at bottom of the shaft. Total slag amount and composition at shaft bottom were contributed from charging fluxing materials, coke ash, refractory dissolution and gas oxidation products, which are presented in Fig. 7 . The tapping slag rate and composition was obtained from including the contribution of slag-metal reaction and refractory dissolution in siphon. Decreases of FeO and P 2 O 5 in siphon are because they were reduced to metal, and increases of SiO 2 , MnO and sulfur in slag are because of slag oxidation and desulphurization, as was discussed with regard to Fig. 4. Comparing Fig. 6 with Fig. 7 , it was found that oxides from gas oxidation in shaft contribute 20 % of total tapped slag, in which SiO 2 generated from gas oxidation contribute 40 % of total SiO 2 tapped from slag, with a similar amount of SiO 2 contributed by coke ash. MnO in slag mainly comes from gas oxidation of scrap steel. This indicates controlling gas oxidation of alloy elements will reduce slag amount and fluxing materials, therefore, improve operational efficiency and coke rate.
Model Verification
The operational data of tapping rates and compositions of metal and slag for a cupola melting process using conditions as given in Table 2 were compared with modeling results in Figs. 4, 5 and 7 . The operational data were generally represented by modeling results. For metal composition and tapping rate they agree with each other fairly well. Noticeable disagreements are found for SiO 2 , S and MgO and slag tapping rate. These disagreements are mainly caused by unclear charging materials that were difficult to be included in Table 2 , and unclear destination of S in coke that reacted with gas and slag.
Several improvements can be suggested to increase the model accuracy. For example, (1) confirming the kinetics and thermodynamics of Ferro silicon reaction with coke and gas; (2) including the kinetics of refractory reaction with slag; (3) using kinetic parameters obtained from dynamic conditions; (4) including reactions of gas-solid metal, coke-solid metal, slag-coke, and reaction of slagmetal in shaft; (5) including combustion reactions and heat balance of the process to provide prudent profiles of gas composition and temperature.
Conclusions
A kinetic model for reactions between multiple multicomponent phases that occur with the liquid metal and slag in a cupola melting process has been developed. The variations of metal and slag compositions in the process were investigated.
The carbon contents in metals are determined by the competition of gas oxidation and carbon pickup from coke in the shaft. Manganese is mainly lost by gas oxidation of steel scrap and silicon is from that of Ferro silicon in shaft. Sulfur increases in shaft by pickup from coke but decreases in siphon by slag desulphurisation. There is no significant phosphorus change in shaft, but phosphorus increases in siphon.
Products of gas oxidation in shaft contribute 20 % of total tapped slag, in which SiO 2 generated from gas oxida- tion contribute 40 % of total SiO 2 tapped from slag. This indicates controlling gas oxidation of alloying elements will reduce slag amount and fluxing materials.
Nomenclature
A g-m : Gas/metal interface area (cm 2 ) A s-m : Slag/metal interface area (cm 2 ) A c-m : Coke/metal interface area (cm 2 ) a i : Activity of i in metal a i O : Oxygen activity with which the element i is in equilibrium c i : Content of i in metal (mol/cm 3 
